Pair creation in an external electric field is presented in terms of the localized events which contribute to the mean current that is produced. Each of these localized contributions is given by a nondiagonal matrix element of the current operator. The physical relevance of this matrix element is displayed. It can also be interpreted as the result of a weak measurement in the sense of Aharonov et al.
The problem of the back reaction on a classical Geld due to a quantum process is to a great extent an unsolved problem in modern physics. Ignorance of the solution is (at the least) one of the barriers towards the solution of the so-called unitarity problem posed by black hole physics [1] ; i.e. , how does the black hole evaporation engendered by gravitational collapse convey all the information that has gone into the initial conditions describing the quantum state prior to the collapse?
The state of the art of black hole reaction physics is at present rather primitive. For example in the black hole problem one calculates the expectation value of the energy-momentum due to Hawking radiation [2] (for a review see Ref. [3] ), i.e. , the thermal radiation that occurs at large Schwarzchild times where the collapsing body bugs the horizon inGnitely closely. This expectation value then serves as a source to the classical Einstein's equations [4 -6] . Clearly the fluidlike description characteristic of this semiclassical approach begs the question of the details of how the gravitational Geld, better that part of the wave function which describes gravity, reacts to the quantum process, i.e. , tunneling [7] , which results in the emission of a single (or a few) Schwarzschild quantum (quanta). At best the semiclassical theory describes some coarse-grained. mean evolution. So it is very dificult to imagine that such an approach to the unitary issue can reveal the information, phases among other things, being sought.
The considerations of this paper are conceived as a (very small) step towards the solution of this problem. We study the source of the back reaction on the electric Geld due to production of pairs induced by its presence. As pointed out by several authors [8 -11] , this problem, owing to the presence of horizons (caused by the constant acceleration induced by the Geld on charged quanta), bears many analogies to black hole evaporation.
Indeed, the amplitudes for production in the two cases have essentially the same mathematical structure. But there are profound differences which cause the black hole problem to be more diKcult. For example the "member" of the pair that is not measured (or measurable) by the Schwarzschild observer is hidden &om him by the horizon (except if it turns out in the end that the complete back reaction destroys the horizon; but then the problem is even more complicated). Of course in the electric case both members of the produced pair are accessible to observation and subtle problems of loss of information do not arise (provided one allows for ubiquitous measurement). Nevertheless interesting nontrivial problems occur even in this case when one delves into the quantum mechanics of the production of a single pair.
The problem of how to deal with electroproduction in the mean has been dealt with by Cooper et al. [12] in a semiclassical approach similar to that brought to bear in black hole physics. Their approach is valid in the presence of large density of pairs. Our purpose here is to ask more detailed questions appropriate to the opposite case where pairs are rare. How [13, 9, 10] out of a region of spatial dimension lAxl, which is of order a i where a is the acceleration (= E/m), E being the electric field with the charge of the field quanta absorbed into its definition, and m their mass. For lAxl ) a i the produced quanta propagate on mass shell in opposite directions, and one expects in a wave packet description that this asymptotic region can be adequately described in In order to isolate the current carried by 'the pair and to prove its physical relevance we ask specific questions, such as how is the probability of creating this pair modiGed by a modiGcation of the external electric field'? It is seen that, in Grst order of perturbation theory, the answer to all such questions depends on a certain nondiagonal matrix element of the current operator. Thus this matrix element controls the back reaction in that particular channel exactly as the mean value of the current controls the back reaction when no further specification of the. Gnal state of the system is required. It is these matrix elements which we study.
These nondiagonal matrix elements were first analyzed in detail by Aharonov et al. [14] in the context of measurement theory. These authors fix both the initial and the Bnal state of a system. They then inquire into the response of a measuring device which interacts "weakly" with the system at an intermediate time. 
I&l'+ ITI' = 1. As explained in Refs. [10, 11] , the relation between Eqs. (4) and (6) Eq. (4) by dividing the latter by~B~2 with o. = 1/B, P = T/R. In this way P is identified with the amplitude for pair production.
The modes y (t, x) satisfying the above iiutial conditions (incident Hux in the direction of E) provide basis functions for the in-quantization scheme since they correspond to the propagation of a single particle in the past and a particle plus a pair in the future. Its parity conjugate obtained by (x -u/E) -+ -(x -w/E) then corresponds to the presence of an antiparticle in the past, once more yielding an additional pair in the future. Introducing labels p and a for particle (antiparticle) and following the standard convention for 
The probability to And no out particles in the future is then found to be [16] F, (* t) = V' -,( t) (7) = exp -Qln(l+-~P~) ITE = expln(1+~P~) , (17) where p = m /2E The second-. quantized field is then written, following the usual rules, as & = ). (a'"V '. ", "+ b'"'V'",*. ).
The operators a'" and 6'" defin the in vacuum by a'"iO);"= O, b. '"iO);"=O.
Since the in-basis functions contain a particle plus a pair in the future they are not useful to describe quan- (12) plane. ] We note that our Bogoliubov coefricients may be unfamiliar to some readers in the sense that our asymptotic waves are not plane waves, but rather accelerating waves.
This, however, is irrelevant for the definition of the Bogoliubov transformation. For our purposes the necessary condition is the existence of in and out single-particle asymptotic states defined in a gauge independent way by constructing wave packets that carry unit charge of a given sign in the asymptotic regions. The Bogoliubov transformation. is the (unitary) mapping of one set into the other.
Finally, it will have been noticed that we have used. modes in the sense of broad wave packets, a time-honored procedure in scattering theory. However, in the next section, we shall be more precise and reformulate things entirely in terms of well-localized packets.
III. WAVE PACKETS
In terms of the basis functions of Eq. (7) we make the packet construction to describe an in-parti'cle The wave packet is centered at x = xo and to --kp/E [since rp'k""(x,t) is a function of t+k/E, and the quadratic potential of the Schrodinger problem is centered at t = k/E] Without loss of generality we take a wave packet centered at the origin, i.e. , xp = 0, kp = 0, and henceforth we drop the indices xp, kp.
The notion of a minimal wave packet emerges from the asymptotic behavior of the modes p&""ast M +no where )P the WKB approximation prevails:
and V = ( i -Bt + ty E)/~2 as explained in [17, 11] in physical terms. It is also this integral representation which serves as a basic tool in revealing interesting properties of these functions. It now has the added luster that the integral over k in Eq. (19) Fig. 1(a) . The created antiparticle (on the left) carries negative charge. To prepare for the integral over k we first obtain a slightly more general integral representation of p&"" than Eq. (23) by applying Cauchy's theorem to the contour (0, oo, ooe' 's", 0):
where IargA~( vr/4. A Gaussian wave packet centered on xp --0, tp --0 is 
- (27) I act wave packets and the asymptotic expansion for Whittaker functions [15] .
The three other interesting wave packets centered at k = 0 and x = 0 are a j. 25 Since the Bogoliubov coeflicients Eq. (12) 
where is IPI"/Io. l"+ times the probability not to create any pairs in each of the other modes. Summing over all numbers of pairs and over all modes one finds that the total probability is 1 as it should be. ) The factorization of the probabilities which we have just encountered follows from neglecting interactions among pairs.
In order to introduce the concept of the current carried by this particular pair Eq. (29) we consider the following problem. Suppose that the electric field is slightly modified E -+ E+bE(x, t) where bE(x, t) is a small and slowly varying function thereby justifying a first-order treatment. The probability of finding the pair described in Eq. (29) is modified by bE. Since the coupling is bS = f dt f dx J&bAd', the new probability is given by = P@ 1+ dx dtbA" (x, t) IV. THE CURRENT DUE TO A SINGLE PAIR
In this section we shall consider the production of one pair in the wave packet g introduced above. More precisely we consider the statẽ
where we have fixed f to be f(k) = (2m) i~2o ie as in Eq. (26). The probability to find this state starting from 10);" is given by the overlap
where we work in interaction representation. [More precisely the states 10);"andll"l ) "i are given by Eqs. (9) and (29); i.e. , they are defined by the modes in the unperturbed electric field E. The operator J" is J"(x, t) = (i/2) [gV (x, t)17"$(x, t) + P(x, t) 17"gt (x, t)], where P(x, t)
is given by Eq. (8) [12] ). This is readily understood from the identity: However, as we have just shown, the physical significance of these nondiagonal matrix elements goes beyond their detectability through a measuring device external to the system. They will indeed govern the modification of multipair production due to current-current interac- .&, '"*(z)@~"* (*') +GF(z, z'), (38) where G~is the familiar in-out propagator:
We pro ve Eq. ...RNNRNSSNSIRNggINgNgggNg55gNSg5') » x « fix 5S I' X 55 5 X:. ' tained by integrating Gauss's law V' E = p when the charge density is that of the pair drawn in Fig. 3(a) . Schwinger fifth time derived in Refs. [16, 9, 10] . The equivalence of this representation with the sum over modes given at the end of this appendix has been proven in [24] .
Using formula [lIV.8] of Ref. [25] it is straightforward to verify that, in the gauge Eq. (B2),
tA'e are now in a position to discuss the physical content of the noise term. The charge and current carried by this term are zero as is seen by acting on G~(x, xp)-G~(x, xp) with the differential operator i(17", -17* ). 
where in passing from the first to the second line we have expressed all the inodes in terms of y(t+ k) as in Eqs. (7) and (10 
This looks like a volume term, but it is due to the accumulation of surface effects related to the behavior of modes (or packets) near the surface. (We note that the same type of accumulation of surface effects occurs within the radiation emitted by an accelerated box (Unruh effect), see [21] . ) For 
